The applicability and resolution power of low-frequency Controlled-Source Electromagnetic (CSEM) data in shallow and deep water environments are studied on typical CSEM benchmark models. We apply the fast and accurate 3D finite-difference (FD) modeling code. The FD scheme is solved iteratively using the multi-frequency Spectral Lanczos Decomposition Method. We showed that use of low-frequency (f<0.05 Hz) electromagnetic measurements can overcome the airwave effect, allowing CSEM technology to be effectively used in shallow water to resolve deep 3D resistive targets. 
Introduction
The offshore frequency-domain CSEM method can be effectively used to find, test and evaluate hydrocarbon reservoirs (Eidesmo et al., 2002; Srnka et al., 2006; Dell'Aversana et al., 2007) . It has been shown that the method works well when applied in waters in excess of a few hundred meters at frequencies ranging from 0.1 to 10 Hz. In water depths less than 300 m, air wave effects can become significant (Mittet et al, 2004; Dell'Aversana, 2007; Weiss, 2007; Mittet, 2008) . In many cases, particularly where the seabed is relatively flat, traditional techniques such as up-down separation (Amundsen et al., 2006) or modeling-based data correction (Lu et al., 2007) can effectively eliminate the air wave. However, as CSEM expands the application window into even shallower water (30-100 m), the airwave effect can still prevent reliable detection of small buried resistors. In this paper, we perform a modeling study of low-frequency CSEM responses. This analysis suggests that low-frequency domain CSEM technology can be used in very shallow water to overcome the air wave effect and resolve 3D resistive targets.
Modeling Methodology and Benchmarking
The motivation for this study is to evaluate the CSEM responses generated by a relatively small reservoir in shallow and deep water settings. Fig. 1 illustrates the XZ cross-sections of the models used in this study. The 1D model (a) presents an infinite reservoir propagated in the X and Y-directions in the presence of shallow water (depth 200 m), whereas in the 3D model cases (b), the reservoir width in the X and Y-directions is 2 km. In the 2.5D case, the reservoir length along Y-direction is set to a large number (50 km). In all model cases, water, background, and target resistivities are 0.3, 1.0, and 50 Ω·m, respectively. In the 1D tests, the target depth (TD) is 1 km; in the 2.5D and 3D models, TD is 600 m or 1 km or 2 km. 
and the model accordingly consists of air (white), sea water (black), earth below the seafloor (brown), target reservoir (yellow). The white dots are the X-directed Horizontal Electric Dipole (HED) source (leftmost white dot) and a group of equally-spaced receivers. The blue lines are the finite-difference (FD) grid.
In this paper, we apply the 3D finite-difference (FD) modeling code developed by Davydycheva and Druskin (1995) . This approach entails solving Maxwell's equations discretized on a FD grid. The FD scheme is solved iteratively using the multi-frequency Spectral Lanczos Decomposition Method (SLDM). The code was validated against 1D quasianalytical solutions. In Fig. 2 , magenta curves present the dipole-dipole response at f=0.05 Hz to the model of an infinite reservoir depicted in Fig. 1a . One can see a good agreement between the FD (dots) and 1D (lines) solutions for all offsets and for both the amplitude (Fig. 2a) and phase difference (Fig. 2b) . Red curves correspond to the case without the reservoir. Blue/black curves present the deep-water solution with/without the reservoir, respectively.
Synthetic Examples
Wavelength. Spatial resolution of CSEM measurements at very low frequencies (near-DC case) is primarily determined by offsets and at high frequencies by the EM field wavelength (λ). At the CSEM -low frequency range, λ is related to the plane-wave skin-depth, δ: λ = 2π·δ, δ = (ρ/(μ 0 πf))
, where ρ, f, and μ 0 are resistivity, frequency, magnetic permeability of free space, respectively. The table below shows δ and λ for three frequencies and ρ = 1 Ω·m: 1D Case. In shallow water (Fig. 3a) , the anomalous reservoir response is weak at high frequencies, but it is stronger at near-DC frequencies (e.g., <0.05 Hz), at which the airwave effect is weak. In deep water (Fig. 3b) , the anomalous response is stronger at higher frequencies. However, the signal attenuates at higher frequencies, and its level at longer offsets becomes closer to the noise floor, which makes these data difficult to interpret/invert. 
2.5D Case.
To illustrate the resolution of CSEM in shallow and deep water at low frequencies, we chose two positions of the reservoir at 1 km (Fig. 4 ) and 2 km (Fig. 5) below the seafloor. Figs. 4-5 show the E x component normalized to a reference measurement located far from the reservoir and its absolute amplitude. The results presented in Fig. 4 illustrate that in deep water, the normalized response is stronger at higher frequency, whereas in shallow water, it is stronger at lower frequency. These effects are more apparent at offsets longer than 2 km. However, due to signal attenuation at higher frequencies and longer offsets, it is impractical to use these data in deep water.
Note that in the model cases with the target at 1 km depth (Fig. 4) , the "width" of the reservoir response (estimated by the distance between the inflection points on the normalized E x curve flanks) is roughly the same for all the frequencies and is determined primarily by the offset. The reason is that the signal wavelength λ below the seafloor is equal or greater than the offset at the considered range of frequencies.
The results presented in Fig. 5 display ~20% anomalous effect from the 2 km deep target at 50 m water depth and f≤0.05 Hz. The feasibility of resolving deep targets using lowfrequency CSEM data should be further investigated using inversion-based methods (e.g., Zach et al., 2008) . Comparison of 2.5D and 3D Cases. Here we present the modeling results comparison for 2.5D and 3D models. The 3D model contains a 50 Ω·m reservoir located at 600 m below the seafloor. The 3D reservoir has dimensions (X×Y×Z) = (2000×2000×200) m, whereas in the 2D model, model properties are Y-invariant. The results are shown in Fig. 6 . At 2 km offset, there is no significant difference between the two responses, and the resolution power of the CSEM does not depend much on frequency. It should be noted that at 5 km offset, the 3D response is approximately two times lower than the 2.5D response. These observations suggest that fast 2.5D modeling can be used for a qualitative 3D data analysis. 
Conclusions and Recommendations
Using an efficient 3D forward modeling method applied to a CSEM benchmark model, we found that use of low-frequency (f < 0.05 Hz) electromagnetic measurements can overcome the airwave effect, allowing CSEM technology to be used in water as little as 50 m deep. The selection of optimal excitation frequency should be based on the target and background formation parameters and also on the water depth. Additional modeling studies and field tests in a variety of shallow water environments are recommended.
